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Treatment of Parkinson disease (PD) with L-3,4-dihydroxyphenyla-
lanine (L-DOPA) dramatically relieves associated motor deficits, but
L-DOPA-induced dyskinesias (LID) limit the therapeutic benefit over
time. Previous investigations have noted changes in striatal me-
dium spiny neurons, including abnormal activation of extracellular
signal-regulated kinase1/2 (ERK). Using two PD models, the tradi-
tional 6-hydroxydopamine toxic lesion and a genetic model with
nigrostriatal dopaminergic deficits, we found that acute dopamine
challenge induces ERK activation in medium spiny neurons in de-
nervated striatum. After repeated .-DOPA treatment, however, ERK
activation diminishes in medium spiny neurons and increases in
striatal cholinergic interneurons. ERK activation leads to enhanced
basal firing rate and stronger excitatory responses to dopamine
in striatal cholinergic neurons. Pharmacological blockers of ERK
activation inhibit .-DOPA-induced changes in ERK phosphorylation,
neuronal excitability, and the behavioral manifestation of LID. In
addition, a muscarinic receptor antagonist reduces LID. These data
indicate that increased dopamine sensitivity of striatal cholinergic
neurons contributes to the expression of LID, which suggests novel
therapeutic targets for LID.
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Dopaminergic drugs are effective treatments for the motor
symptoms of Parkinson disease (PD), but long-term therapy is
limited by disabling abnormal involuntary movements, referred to
as L-DOPA-induced dyskinesias (LID) (1). Thus, understanding
the molecular and cellular mechanisms underlying LID will help
identify more effective treatments for PD, and may also help
elucidate the role of dopamine (DA) signaling in motor control.

Several biochemical markers of LID have been studied in
striatum using animal models. FosB/8FosB expression show a
long-term temporal correlation with LID development in DA
denervation PD models (2). The increased FosB expression
persists over days or weeks and may contribute to the develop-
ment of LID, but does not correlate with the L-DOPA-induced
episodes of dyskinesia that follow each dose. To mediate ex-
pression of LID directly, cell signals should grow stronger with
repeated L-DOPA treatment and show temporal correlation
with acute dopaminergic stimulation. Acute administration of
L-DOPA or dopamine agonists activates ERK1/2 by phosphory-
lation in striatal neurons of DA-denervated animals (3-7). In
animals with unilateral 6-hydroxydopamine (6-OHDA) lesions,
coadministration of inhibitors of ERK1/2 phosphorylation during
repeated L-DOPA treatments reduce LID development (4, 8).
Studies on these molecular changes have focused on the pre-
dominant cell type in the striatum, medium spiny neurons (MSN).
In addition, although the unilateral 6-OHDA lesion has been the
standard model for the PD phenotype, and particularly for LID,
the abrupt nature of the lesion and extreme depletion of dopa-
minergic afferents has posed limitations in behavioral and bio-
chemical studies.

In this study, we used both a unilateral 6-OHDA Iesion
model and a genetic model, the Pitx3-deficient aphakia mouse
(Pitx3*¥/%%) (9-11) for PD. The lack of transcription factor Pitx3
results in selective loss of nigrostriatal DA projections in a re-
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markably similar pattern to the neuroanatomical features of PD
along with parkinsonian motor deficits (10, 12-15). There are
several advantages and complementary features of the Pitx3*/*
mouse over the more traditional PD models involving toxin-
induced unilateral lesion. First, Pitx3*** mice have more se-
lective depletion of nigrostriatal DA projections than lesion
models in that the terminals are lost in the dorsal striatum with
relative sparing of ventral striatum. Second, unlike lesion mod-
els, the extent of the DA deficit is very similar between indi-
viduals, limiting an important source of intersubject variability.
Third, the denervation of striatal DA is bilateral in Pitx3**/@
mice, whereas it is difficult with lesion models to achieve bilateral
DA depletion without excessive mortality. Fourth, Pir3**/* mice
lack nigrostriatal DA projections throughout development,
which may favor the conditions for LID induction, as human PD
patients with early-age onset and children with an impaired
ability to produce DA show more pronounced LID than those
who develop the condition later in life (16, 17). Consistent with
this view, the molecular and cellular measures of LID seen in
lesion models have also been demonstrated in Pitx3“*“* mice (12,
13, 18-20).

In this article, we investigated the effects of acute and re-
peated L-DOPA treatment on striatal ERK phosphorylation, and
tested its role in akinesia improvement and LID expression in
Pitx3*% mice and in a unilateral parkinsonian mouse model.
Our behavioral, anatomical, and electrophysiological investiga-
tions support a critical role of striatal cholinergic neurons in the
expression of LID.

Results

Repeated L-DOPA Exposure Induces ERK Phosphorylation in the Cho-
line Acetyltransferase Interneurons of Dopamine Depleted Dorsal
Striatum of Pitx3°¥*k Mice. Based on previous studies associating
ERK activation and L-DOPA treatment (3, 6), we hypothesized
that striatal ERK phosphorylation should increase with repeated
L-DOPA treatment, in parallel with the increasing phenotypic
expression of LID. In contrast to our expectations, we found
a profound reduction in striatal ERK activation following re-
peated L-DOPA treatment of homozygous Pirx3*** mice for
7 wk (25 mg/kg, twice a day, i.p.) compared with that noted after
the first exposure to L-DOPA (Fig. 14). Western blot analysis
showed that acute L-DOPA treatment produced more than
a twofold increase of phosphorylated ERK1/2 (pERK) com-
pared with untreated controls (Fig. 1B). Most recently, a similar
reduction in striatal pERK associated with dyskinesia has been
noted following prolonged L-DOPA in the MPTP primate model
of PD (7). Close examination of the pERK-expressing cells in the
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Fig. 1. ERK phosphorylation in the dorsal striatum of Pitx3?<k mice treated
with L.-DOPA. Mice received either repeated saline or .-DOPA (25 mg/kg,
twice a day, i.p.) treatment for 5 to 7 wk and were killed 15 min after the last
injection of saline or L-DOPA. (A) Immunohistochemical staining for pERK in
repeated saline/saline control, repeated saline/acute .-DOPA, and repeated
L-DOPA/L-DOPA treatment groups. (Scale bars, Upper, 400 pm; Lower,
50 um.) Arrowheads demonstrate examples of presumed MSNs and arrows
point to presumed larger cholinergic interneurons. (B) Western blot analysis
of pERK in dorsal striatal tissues from the above treatment groups. (C)
Quantitation of the pERK Western blots (n = 3-4, mean + SEM; *P < 0.05,
one-way ANOVA with Tukey posthoc test).

striatum after acute L-DOPA showed that most of these had the
gross morphology of MSN (Fig. 14). In contrast, repeated
L-DOPA treatment for >7 wk resulted in significantly lower
pERK levels in response to an L-DOPA challenge approaching
that seen in the saline group (Fig. 1 B and C). Cellular analyses
revealed only a few scattered neurons with ERK phosphorylation
after 7 wk of repeated L-DOPA treatment, and many of them
had large (> 20-uym long diameter) cell bodies that are charac-
teristic of cholinergic interneurons, together with some smaller
MSN with much weaker pERK expression (Fig. 14). Double
immunostaining for GABAergic interneurons expressing par-
valbumin or calretinin did not show colocalization of pERK in
these cells following acute or repeated L-DOPA exposure (Fig.
S1 B and C). These described changes were observed only in the
dorsal striatum, where Pitx3*/** mice have selective depletion of
DA (Fig. S2B), and not in those treated with saline (Fig. 14 and
Fig. S3B). These cholinergic interneurons make up about 2% of
the neurons in striatum (21), which is why pERK elevation in
these cells did not contribute significantly to the total protein
levels (Fig. 1 B and C).

Littermate heterozygous Pitx3°X* mice were used as controls,
as they do not exhibit a loss of DA in dorsal striatum or reduc-
tion in midbrain dopaminergic neurons relative to wild-type mice
(Fig. S2 A and B), nor do they express dyskinesia or pERK
following treatment with L-DOPA (Fig. S3 4 and B).

ERK Phosphorylation in Cholinergic Neurons Correlates with Behav-
ioral Manifestation of Dyskinesia. To assess the role of L-DOPA-
induced ERK activation in striatal cholinergic neurons in the
development of LID behaviors, we examined the effects of both
dose and duration of L-DOPA treatment in Pitx3*** mice. As
we previously described (20), the paw dyskinesia developed over
time with repeated L-DOPA administration in a time- and dose-
dependent manner (Fig. 24). Analysis of striatal ERK activation
showed the number of pERK-labeled large-diameter neurons
[corresponding to choline acetyltransferase (ChAT)-positive
cells] increased with length of L-DOPA treatment, but the total
number of pERK-expressing cells (presumably MSN) diminished
over time (Fig. 2 B and C).
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To further confirm that pERK is expressed primarily in striatal
cholinergic interneurons after repeated L-DOPA treatment,
double-fluorescence immunostaining for pERK and ChAT was
performed. In animals treated with L-DOPA for the first time,
very few pERK-expressing cells were cholinergic (Fig. 2B),
whereas a considerable number of pERK-positive cells were
cholinergic following repeated 7-wk L-DOPA treatment (Fig.
2B). Thus, repeated L-DOPA treatment in Pitx3**** mice, which
produces LID, correlates with increased ERK phosphorylation
in striatal cholinergic interneurons and a decrease in MSN.
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Fig. 2. Development of dyskinesia and expression of pERK-labeled striatal
cells with repeated L-DOPA administration in Pitx3°<2k mice. Mice were
treated either acutely, or repeatedly for 1 wk or for 7 wk with either 10 or
25 mg/kg of L-DOPA (twice a day, intraperitoneally). (A) The total dyskinesia
was assessed by measuring the time animals spent on both two paw and
three paw dyskinesias during a 2-min sampling period. Dyskinesia increased
after .-DOPA treatment (P = 0.05), greater with 25 mg/kg compared with
10 mg (P < 0.05), and with 7-wk treatment compared with 1-wk treatment
(P < 0.05 by three-way ANOVA; n = 5-9 per group). (B) Inmunoperoxidase
staining of neuronal ERK activation in the dorsal striatum at different time
points following treatment with 25 mg/kg of .-DOPA (Left). Double immu-
nofluorescent staining for pERK (green) and ChAT (red) demonstrates that
the large-sized cells with increased ERK activation following repeated
L-DOPA treatment correspond to cholinergic neurons (Right). [Scale bar,
50 um in (Left) and 30 pm (Right).] (C) Quantitation of immunoperoxidase
labeled pERK cells showed that the number of large-diameter, putative
cholinergic pERK-positive cells in dorsal striatum increased with repeated
drug treatment (Right), but the total number of pERK-labeled cells di-
minished (Left) (*P < 0.05 by one-way ANOVA) (n = 5-9/group). The data for
A and C represent the mean + SEM.
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To further confirm the correlation of ERK phosphorylation in
striatal cholinergic neurons with L-DOPA-induced behavioral
expression of dyskinesia, we used a selective A2A receptor an-
tagonist, which ameliorates akinesia in human PD patients
without producing dyskinesia after repeated treatment (22). The
selective A2A antagonist, KW-6002, significantly improved aki-
nesia in Pitx3*** mice, as evidenced by both open-field test and
rearing activity (Fig. 3 A and B), without the expression of dys-
kinesia or striatal ERK phosphorylation after 7 wk of repeated
L-DOPA treatment (Fig. 3 C and D). Therefore, the A2A antag-
onist not only selectively relieves parkinsonian symptoms without
producing dyskinesia, but also does not produce ERK activation,
suggesting that ERK phosphorylation in cholinergic neurons
occurs only with the expression of L-DOPA-induced dyskinesias.

Inhibition of ERK Phosphorylation by MEK Inhibitor SL-327 Attenuates
LID, Without Reducing Akinesia Improvement in Pitx3°*2k Mice. To
establish a functional relationship between ERK phosphory-
lation in cholinergic interneurons and dyskinesia, we tested
whether inhibition of ERK phosphorylation could reduce LID
expression in Pitx3**** mice. ERK1/2 is so far the only known
substrate of mitogen-activated protein kinase kinasel/2 (MEK1/
2) (23) and the administration of the specific MEK1/2 inhibitor,
SL-327, or Ras inhibitor, lovastatin, concurrently with repeated
L-DOPA treatment significantly attenuates L-DOPA-induced
ERK phosphorylation and LID in unilateral DA-lesioned ani-
mals (4, 8), suggesting that ERK phosphorylation is necessary for
the induction of dyskinesia. The inhibitory effect of SL-327
treatment on ERK phosphorylation was confirmed by a decrease
in the intensity of pERK immunostaining in cholinergic neurons
by SL-327 (Fig. 44) and in the number of striatal EERK-
expressing cells in the dorsal striatal area of Pitx3*** mice
acutely treated with L-DOPA (Fig. 4B). Behaviorally, SL-327
appeared to attenuate the acute effects of L-DOPA on akinesia
(Fig. 4C), but this did not reach statistical significance. A similar
statistically insignificant trend has been observed with this agent
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Fig. 3. Behavioral and biochemical effects of a selective A2A antagonist KW-
6002 in Pitx3?X/2k mice. Mice were treated repeatedly with .-DOPA (25 mg/kg,
twice a day, i.p.) for 7 wk and then evaluated for behavioral response to the
A2A antagonist, KW-6002. (A) Total distance traveled over 3 h in the open-
field test (*P < 0.05, one-way ANOVA; n = 12 per group). (B) Total number of
rearing events assessed for 2 min as a measure of akinesia. (C) Abnormal paw
movement was assessed for 2 min in a cylinder as a measure of dyskinesia, as
described previously (20). Data in B and C were collected 15 or 60 min after
the last injection of vehicle (8% Tween-80 in saline), KW6002 (3 mg/kg, i.p.),
or L-DOPA (25 mg/kg, i.p.) (*P < 0.05, one-way ANOVA with post hoc Bon-
ferroni t test for KW-6002, or a t test for L-DOPA; n = 3-6 per group). (D) The
pERK-positive cells were only observed in L-DOPA-, but not in vehicle- or KW-
6002-treated animals. The graph represents the relative number of pERK-
labeled neurons in the dorsal striatum from each treatment group. As there
was no positive pERK signal at either 15 or 60 min after KW-6002 adminis-
tration, the data were pooled (*P < 0.05 compared with vehicle or KW-6002
group, one-way ANOVA with post hoc Bonferroni t test; n = 3-5 per group).
The data for A to D represent the mean + SEM.
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on general locomotion ;4). SL-327 did, however, significantly
decrease LID in Pirx3*“* mice with repeated L-DOPA treat-
ment (Fig. 4 D and E). The effect of SL-327 on LID was likely
not because of inhibition of other MAP kinases, as neither
phospho-p38 or phospho-JNK were activated by L-DOPA in the
dorsal striatum of Pitx3*** mice (Fig. S4).

ERK phosphorylation has numerous possible downstream
targets. Our laboratory and others have noted FosB expression
in the denervated striatum of dyskinetic animals (2, 3, 20, 24).
DA- and cAMP-regulated phosphoprotein of 32 kDa (DARPP-
32) is also involved in DA-stimulated signal transduction and
DARPP-32 knockout mice have significantly attenuated LID (4).
However, DARPP-32 and FosB expression in Pitx3¥** mice
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Fig. 4. MEK inhibitor, SL-327, reduces pERK staining and the dyskinetic, but
not antiparkinsonian effect of L-DOPA in Pitx3°<®* mice. Mice were treated
repeatedly for 7 wk with .-DOPA (25 mg/kg, twice a day, i.p.) or with saline
and then evaluated for improvement in akinesia or expression of dyskinesia
following a final challenge dose of L-DOPA with or without SL-327 pre-
treatment. The animals were perfused and striatal tissue sections were dou-
ble-immunostained for pERK and for ChAT. (A) ChAT (red) colocalizes with
PERK (green) in dorsal striatal area of Pitx3?¥k mice exposed repeatedly to L-
DOPA (Lower), but not with the first, acute exposure of L-DOPA (Upper). Ei-
ther vehicle (8% Tween-80 in saline) or specific MEK inhibitor, SL-327 (75 mg/
kg, i.p.) were administered 45 min before L-DOPA challenge. SL-327 reduced
both the intensity of pERK staining and the number of pERK-expressing cells
in both acute (Upper, Right) and repeated L-DOPA groups (Lower, Right).
(Scale bar, 30 pm.) (B) SL-327 pretreatment decreased pERK-immunofluores-
cent neurons in acute L-DOPA treatment group in the dorsal striatal area (n =
5-8 per group; *P < 0.05 by two-way ANOVA followed by Tukey post hoc
test). (C) The total number of rearing events increase with acute L-DOPA,
reflecting the reversal of akinesia (n = 8 per group; *P < 0.05, two-way
ANOVA followed by Tukey post hoc test). The duration of front-paw (D) and
three-paw (E) dyskinesias in Pitx3°<# mice treated repeatedly with .-DOPA
reflect moderate and severe forms of dyskinesia, respectively (20). (D and E:
n =8 per group; *P < 0.05, two-way ANOVA followed by Tukey post hoc test).
The data for B to E represent the mean + SEM.
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treated repeatedly with L-DOPA did not overlap with striatal
cholinergic interneurons (Fig. S14), suggesting that these effects
of L-DOPA are confined to MSN. These data suggest that striatal
cholinergic interneurons have different downstream signaling
pathways that mediate the expression of dyskinesia. Further
delineation of this pathway will be addressed in future studies.

Repeated L-DOPA Exposure Is Associated with ERK-Dependent In-
creased Baseline Firing Rate and Stronger DA-Induced Excitation in
Pitx3°¥ak Mice. To test whether the observed differences in ERK
phosphorylation in striatal cholinergic interneurons correlate
with differences in excitability before and after repeated L-
DOPA administration, we recorded the firing rate of striatal
cholinergic neurons from both homozygous (Pitx3”k/“k) and het-
erozygous (Pix3**/*) mice previously treated with either L-
DOPA (25 mg/kg, twice a day, i.p.) or saline for at least 7 wk.
Cholinergic interneurons were identified on the basis of soma
diameter and firing properties (SI Materials and Methods). The
baseline firing rate of striatal cholinergic neurons was signifi-
cantly higher in L-DOPA—treated homozygous Pitx3*“* mice
compared with saline-treated controls of the same genotype (Fig.
5). DA increased firing rate of cholinergic neurons in both L-
DOPA- and saline-treated homozygous Pitx3““* mice, but to
a much higher rate in mice treated repeatedly with L-DOPA
than in mice treated with saline (Fig. 5 A, C, and F). Although
the percent-increase in firing was similar because of a higher
baseline in the L-DOPA-treated Pitx3**k mice, the absolute
magnitude of the firing rate change from the baseline to the peak
was much greater in this group (2.05 + 0.20 Hz) compared with
the saline control group (0.92 + 0.27 Hz, P = 0.011). As trans-
mitter release is highly sensitive to neuronal firing rate (25), the
L-DOPA-induced changes in activity and DA sensitivity are
expected to profoundly affect striatal acetylcholine release. In
addition, the DA-induced elevation of firing rate in L-DOPA-
treated Pitx3*“* mice lasted longer than other treatment groups,
maintaining increased excitability 4 to 5 min after DA washout,
when the firing rate in saline-treated Pitx3**** mice returned to
baseline levels (Fig. 5C). To assess the functional connection
between ERK phosphorylation and increased excitability, a se-
lective MEK1/2 inhibitor, U0126, was applied before acute DA
administration in the slice preparation. U0126 is commonly used
for in vitro physiology experiments and efficiently inhibits MEK
(26). Because U0126 does not penetrate the blood-brain barrier,
systemically active SL-327 was used in in vivo experiments de-
scribed above (Fig. 4). U0126 significantly attenuated the acute
DA-induced excitation of striatal cholinergic neurons from re-
peated L-DOPA-treated Pitx3** mice, compared with those
without U0126 treatment (Fig. 5B, E, and F). U0126 blocked the
increased firing after DA, and following DA washout in striatal
cholinergic neurons in Pitx3**** mice with repeated L-DOPA
treatment (Fig. 5 E and F). The excitation seen after inhibition of
ERK activation was similar to that seen in tissue from naive
Pitx3“¥“* mice untreated with L-DOPA. U0126 had no inhibitory
effect on acute DA-induced firing of striatal cholinergic inter-
neurons from Pitx3*¥“* mice treated repeatedly with saline (Fig.
5F). Together, these data demonstrate that ERK phosphoryla-
tion is necessary for enhanced excitability of striatal cholinergic
neurons after repeated L-DOPA treatment.

Muscarinic Receptor Antagonism Attenuates LID, and Enhances
1-DOPA-Induced Akinesia Improvement in Pitx37%?k Mice. Striatal
cholinergic neurons express M4 muscarinic receptors (27, 28)
and striatal projection neurons express both M1 and M4 mus-
carinic receptors (28). We hypothesized that the enhanced
striatal cholinergic transmission could affect striatal projection
neuron output through muscarinic receptors to mediate the ex-
pression of LID. The muscarinic receptor antagonist, dicyclo-
mine (15 mg/kg) (29), was administered to Pirx3** mice’that
had previously undergone 7 wk of L-DOPA treatment and sig-
nificantly reduced LID in these animals (Fig. 64). On the other
hand, dicyclomine enhanced the akinesia improvement produced
by L-DOPA administration, as shown by enhanced rearing (Fig.
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Fig. 5. Repeated administration of L-DOPA to Pitx3°<®* mice increases fir-
ing rate of striatal cholinergic neurons. Mice were treated repeatedly with L-
DOPA (25 mg/kg, twice a day, i.p.) or saline for 8 wk, but no treatment was
given on the day of experiment. Extracellular recordings were made from
cholinergic interneurons in the dorsal striatal area of parasagittal slices from
Pitx3?¥2k homozygous mice or from the corresponding striatal area of Pitx32<*
heterozygous mice. Dopamine (30 uM) was applied from minutes 5 to 10. To
inhibit ERK phosphorylation, 5 pM U0126 was applied 10 min before exposure
to DA. Then, U0126 and DA were washed out after 5 min of incubation.
Representative firing rate data before and after 30 pM DA from saline and -
DOPA-treated Pitx3?¥K mice in the absence (A) or presence of U0126 (B). DA
induces stronger excitation of striatal ChAT interneurons in repeated .-DOPA
treated Pitx3°¥K mice than in controls (A). Time course of average firing rate
before and after DA from Pitx3?2k (C) and Pitx3°*"* (D) mice treated re-
peatedly with L-DOPA or saline. (E) Time course of average firing rate before
and after DA in the presence of U0126 from Pitx37X#% mice treated repeatedly
with L-DOPA or saline. (F) Comparison of baseline firing rate, DA-induced fir-
ing, the firing rate after DA washout among groups of Pitx3°<* and Pitx3?</2k
mice pre-exposed repeatedly with either saline or .-DOPA, as well as the effect
of U0126 on the firing rate. Data used for statistical analysis were from a 1-min
interval: baseline was collected during the minute immediately before the
onset of the drug effect; the DA response was centered on the peak firing rate
between minutes 6.5 and 13.5; and the recovery was collected between 14 and
15 min after the onset of recording (n = 4-9 per group, mean + SEM; *P < 0.05,
homozygous comparisons, two-way ANOVA followed by Tukey post hoc test).

6B). Dicyclomine alone did not have significant impact on gen-
eral locomotor activity (Fig. 6 C and D). Our data support the
hypothesis that LID is mediated by elevated cholinergic tone,
which can be partially inhibited by muscarinic antagonism.

Cholinergic Neuronal Hyperactivity Correlates with LID in Unilateral
Parkinsonian Mice. To confirm our findings in Pirx3*** mice of
increased cholinergic tone associated with LID, we used the uni-
lateral 6-OHDA lesion of median forebrain bundle, which has
been widely used to model PD and LID (30). The extent of neu-
rotoxin-induced DA denervation in unilateral lesioned mice was
about 94% by densitometry of tyrosine hydroxylase-immunore-
active fibers (Fig. S5 4 and B) (n = 26). Repeated L-DOPA
treatment for 5 wk enhanced limb dyskinesia, compared with the
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first exposure to L-DOPA, although even acute L-DOPA exposure
induced significant limb and axial dyskinesia (Fig. S5C), consistent
with the literature using this model (2, 30-34). Acute treatment
with L-DOPA-induced pERK in predominantly medium-sized
neurons and repeated L-DOPA administration reduced the
number of medium-sized pERK-labeled cells by 72% and in-
creased the number of large-diameter pERK-labeled neurons by
3.4-fold in lesioned striatum (Fig. S5D). Double immunofluores-
cent staining confirmed expression of pERK predominantly in
ChAT-labeled neurons following repeated L-DOPA treatment
(Fig. S5E). Neither acute nor repeated L-DOPA administration
induced significant ERK activation in the intact striatum of 6-
OHDA-lesioned mice (Fig. S5D). Administration of dicyclomine
significantly attenuated LID without interfering with the anti-
akinetic, therapeutic action of L-DOPA on forepaw adjusting
steps (Fig. SS5F). Thus, in both the unilateral lesion model and
Pitx3*“* “mice, repeated L-DOPA treatment increases ERK ac-
tivation in striatal ChAT neurons and diminishes ERK phos-
phorylation in MSN, and muscarinic antagonism attenuates LID
without affecting L-DOPA’s beneficial antiparkinsonian action.

Discussion

To date, investigations of the molecular pathways underlying
LID have focused primarily upon MSNSs, which are the striatal
projection neurons. Direct DIR stimulation in the denervated
striatum of PD animals activates ERK by phosphorylation (5, 35,
36). Our data show that L-DOPA-induced ERK activation shifts
from being predominantly in MSN to cholinergic interneurons
concomitant with behavioral LID expression in both unilateral
6-OHDA lesion and the Pitx3*¥“* model. Therefore, this shift of
ERK activation from MSN to cholinergic interneurons indicates
a potentially maladaptive neural mechanism, where L-DOPA
responses become sensitized and lead to LID. Previous studies
suggest that ERK activation by L-DOPA in MSNs is important in
the induction of LID, as inhibiting ERK activation with each
dose of L-DOPA attenuates LID development (4, 8). On the
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Fig. 6. Muscarinic antagonist, dicyclomine, enhances L-DOPA’s anti-
parkinsonian effect and attenuates dyskinesia in Pitx3°¢?* mice. Dicyclomine
(15 mg/kg, i.p.) was given 30 min before the final injection of L-DOPA (25 mg/
kg) in Pitx37?k mice treated repeatedly with .-DOPA (25 mg/kg, twice a day,
i.p.) for 5 wk. (A) Three-paw dyskinesia was markedly decreased by dicyclo-
mine. (B) Dicyclomine significantly enhanced rearing activity compared with
vehicle/.-DOPA. (n = 12-16 per group; *P < 0.05, two-way ANOVA followed
by Tukey post hoc test). (C and D) The muscarinic receptor antagonist dicy-
clomine (Dicy) had no impact on general locomotor activity of Pitx3?* het-
erozygous mice in the open-field test for either individual time blocks (5 min,
C) or the total time (30 min, D) tested compared with vehicle (n = 12 per
group). The data for A to D represent the mean + SEM.
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other hand, our findings show that ERK activation in cholinergic
neurons is important in the actual expression of LID, as inhi-
bition of ERK activation after LID development reduces LID
expression. Although changes in cholinergic neurons may be
compensatory, resulting from primary alterations in MSNs or
corticostriatal excitatory drive during induction of LID, our data
suggest that cholinergic neurons may play a central role up-
stream of output MSNs once LID is established.

Although Pitx3*¥** mice and unilateral-lesioned PD mice both
exhibited a similar biochemical response to repeated L-DOPA
treatment—namely, a shift in ERK phosphorylation from MSN
to striatal cholinergic neurons—we noted that the acute behav-
ioral response to L-DOPA differed between the two mouse
models. Pitx3*”** mice showed little dyskinetic behavior upon
the first exposure to L-DOPA, whereas dyskinesia was expressed
by unilateral lesioned mice. The degree of behavioral response to
acute L-DOPA may depend upon the extent of DA denervation
between the two PD models. Unilateral 6-OHDA lesions used in
this study produced massive striatal DA depletions of 94%,
covering the entire striatum, whereas striatal DA depletion is
limited to the most dorsal aspect of dorsal striatum in Pitx3°%“k
mice. LID has been reported with the first exposure to L-DOPA
in unilateral 6-OHDA-lesioned rats (2, 30-34) and the level of
dyskinetic behavior is influenced by the amount of DA loss (34).
Therefore, we believe the Pitx3*** mice show the time course
more consistent with mild to moderate PD, whereas 6-OHDA~
lesioned mice model a more severe stage of PD.

Striatal cholinergic neurons represent only about 2% of the
total striatal neuronal population (21), yet the large striatal cho-
linergic neurons have richly arborizing axons with large terminal
fields within the striatum, suggesting the importance of these
neurons in modulating striatal activity (37). Cholinergic tone
contributes to DA and glutamate release locally via presynaptic
nicotinic receptors on DA and glutamatergic terminals (38, 39).
Striatal cholinergic interneuron activity also contributes to plas-
ticity of glutamatergic and GABAergic inputs to this area via both
muscarinic and nicotinic receptor activation (37, 40, 41). DA de-
nervation modulates the cholinergic system, as M4 mRNA is re-
duced (42), along with M4 autoreceptor malfunction, resulting
in a loss of negative feedback inhibition and increased acetylcholine
(ACh) release (27). Among the five subtypes of muscarinic re-
ceptors, MSNs predominantly express M1 and M4 receptors (43).
Striatal synaptic plasticity is dependent upon endogenous ACh
acting specifically on M1 receptors, with high levels of ACh fa-
cilitating long-term potentiation and lower levels facilitating long-
term depression (44). Long-term potentiation has been associated
with dyskinetic behavior in animal models of PD (45).

We showed that repeated L-DOPA administration to Pitx3
mice results in enhanced baseline and DA-induced firing rate
in striatal chohnerglc neurons, compared with repeated saline-
treated Pitx3**/** mice. In addition, the DA-induced firing rate of
striatal cholinergic neurons is s1gn1ﬁcantly greater in repeated L-
DOPA-treated Pitx3*¥* mice than in Pitx3*'* mice. Inhibition
of ERK activation restores the baseline and DA-induced
increases in ﬁrmg rate L-DOPA-treated Pitx3*“* mice to that of
untreated Pitx3*¥*, Together, the electrophysiological data along
with biochemical and behavioral results support the hypothesis
that expression of LID following repeated L-DOPA exposure
results from enhanced striatal cholinergic neuronal excitability,
and that these changes are mediated by ERK activation.

The inhibition of LID with a muscarinic antagonist provides
further evidence for the contribution of enhanced cholinergic
signaling to this condition. These findings are consistent with
earlier reports of exacerbated parkinsonian symptoms following
treatment with the anticholinesterase inhibitor, physostigmine,
and improved symptoms after treatment with centrally acting an-
timuscarinics, such as benztropine (46). Anticholinergic treat-
ments are still used clinically for parkinsonian tremor and rigidity
(47), but have been limited because of side effects and have not
been explored for LID. Dicyclomine is a muscarinic antagonist
with limited receptor subtype specificity (48) and development of
more selective muscarinic receptor ligands or other novel ap-
proaches to modify striatal cholinergic signaling specifically may
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provide more effective treatment strategies for LID. Together,
the electrophysiological data along with biochemical and behav-
ioral results support the hypothesis that expression of LID fol-
lowing repeated L-DOPA exposure results from enhanced striatal
cholinergic neuronal excitability, and that these changes are me-
diated by ERK activation within cholinergic neurons (Fig. S6).

Materials and Methods

For details regarding the experimental procedures used in these studies,
please see SI Materials and Methods.

Drug Treatment and Behavioral Tests. Homozygous Pitx3°* and heterozy-
gous Pitx3°"* mice were repeatedly treated with either saline or L-DOPA for
various time periods. The 6-OHDA was used to create a unilateral PD model
in Pitx3°** mice (4-5 mo old). Abnormal paw movements exhibited in the
cylinder were scored as previously detailed (20).
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Immunohistochemistry. Mice were perfused immediately following behav-
ioral testing for immunohistochemical staining of pERK and other neuronal
phenotype markers, as described previously (20).

Electrophysiology. On-cell current-clamp recordings were obtained from
cholinergic interneurons located in the dorsal lateral striatum, identified by
their large size and spontaneous firing rate (between 0.1 and 7 Hz).
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